Introduction
Apart from ultra-early thrombolytic therapy, there are no effective therapies for the treatment of ischemic cerebrovascular disease. Various neuroprotective agents have been developed, but their clinical outcomes are limited (Gao et al., 2008) . Failure of clinical application of neuroprotective agents is attributed to the complicated pathological changes present in the ischemic brain, and also to drugs acting on single targets (Hu et al., 2009) . Based on the physiopathological complexity of stroke, the National Institute of Neurological Disorders and Stroke proposed a conceptual model for stroke therapy, the "neurovascular unit" (Macrez et al., 2011) , with interconnecting and interacting components (neurons, glial cells, and vascular endothelial cells) (Shi et al., 2012; Boltze et al., 2012; Pillai et al., 2013; Wong et al., 2013) . Protecting neurovascular units provides a novel opportunity for stroke treatment (Del, 2010; Zlokovlc, 2011; Dirnagl, 2012; Busse et al., 2013) . Abnormal amyloid-β deposition is strongly associated with injury to neurovascular units. Following brain injury, the cytoskeleton is damaged and axonal transport of amyloid precursor protein blocked (Baranova et al., 2007; Green et al., 2011) . Amyloid precursor protein hydrolyzed through the amyloid production pathway induces abnormal deposition of its metabolite, amyloid-β, in the brain, leading to cell apoptosis, metabolic disturbance of free radicals, and mitochondrial injury, thereby influencing energy metabolism and activating the inflammatory cascade (Malito et al., 2008; Giuffrida et al., 2009; Koilke et al., 2012) .
Houshiheisan, produced by Zhongjing Zhang for the treatment of ischemic stroke, has proved valuable in clinical practice (Zhao et al., 2003; Zhang et al., 2010) . Houshiheisan is composed of wind-dispelling (chrysanthemun flower, divaricate saposhnikovia root, Manchurian wild ginger, cassia twig, Szechwan lovage rhizome, and platycodon root) and deficiency-nourishing (ginseng, Chinese angelica, large-head atractylodes rhizome, Indian bread, and zingiber) drugs, and has key anti-inflammatory, anti-apoptotic, and anti-oxidant effects on improving energy metabolism (Zhao et al., 2006; Zhang et al., 2008) . In this study, we examined pathological alterations in neurovascular units, and amyloid-β and amyloid precursor protein expression, in the ischemic penumbra of rats subjected to cerebral ischemia, to determine if Houshiheisan reduces abnormal amyloid-β deposition or protects neurovascular units. Moreover, we examined the effects of the wind-dispelling and deficiency-nourishing drugs of Houshiheisan on inhibiting abnormal amyloid-β deposition and maintaining neurovascular unit function.
Materials and Methods

Animals
A total of 72 healthy, pathogen-free, male Sprague-Dawley rats, weighing 320-350 g, were provided by the Vital River Laboratory Animal Technology Co., Ltd., Beijing, China (license No. SCXK (Jing) 2004-0005).
Grouping
All 72 Sprague-Dawley rats were randomly assigned to five groups: sham surgery (n = 12), model (cerebral ischemia; n = 15), wind-dispelling drug (cerebral ischemia + wind-dispelling drugs; n = 15), deficiency-nourishing drug (cerebral ischemia + deficiency-nourishing drugs; n = 15), and Houshiheisan (cerebral ischemia + Houshiheisan; n = 15).
Traditional Chinese medicine
Wind-dispelling drugs are composed of chrysanthemum flower (40 g), divaricate saposhnikovia root (10 g), cassia twig (3 g), Szechwan lovage rhizome (3 g), Manchurian wild ginger (3 g), and platycodon root (8 g). Deficiency-nourishing drugs are composed of crude large-head atractylodes rhizome (10 g), Indian bread (3 g), zingiber (3 g), Chinese angelica (3 g), and ginseng (3 g). Houshiheisan is composed of chrysanthemum flower (40 g), divaricate saposhnikovia root (10 g), cassia twig (3 g), Szechwan lovage rhizome (3 g), Manchurian wild ginger (3 g), platycodon root (8 g), crude large-head atractylodes rhizome (10 g), Indian bread (3 g), zingiber (3 g), Chinese angelica (3 g), and ginseng (3 g). All Chinese medicinal materials were purchased from Beijing Tongrentang Pharmacy, China.
Preparation of medicines
Wind-dispelling drugs: medicinal materials were triturated, immersed in 200 mL of distilled water for 30 minutes, and treated by ultrasound in a Double-frequency Numerical Control Ultrasonic Cleaner (Model KQ-500VDE; Kunshan, China) at 50°C for 2 hours. A total of 86 mL of filtrate was collected.
Deficiency-nourishing drugs: medicinal materials were triturated, immersed in 60 mL of distilled water for 30 minutes, and treated with ultrasound at 50°C for 2 hours. A total of 40 mL of filtrate was collected.
Houshiheisan: medicinal materials were triturated, immersed in 300 mL of distilled water for 30 minutes, and treated with ultrasound at 50°C for 2 hours. A total of 90 mL of filtrate was collected.
Establishment of a cerebral ischemia model using the suture method Rats were anesthetized and fixed in the supine position. Proximal ends of the common and external carotid arteries were ligated. The distal end of the internal carotid artery was occluded using a bulldog clamp. An incision was made at the junction of the external and internal carotid arteries. A button-head nylon thread of 0.265 mm diameter was inserted and a depth of 18 mm labeled. The middle cerebral artery blood supply was blocked. Artery stumps were tightly tied and the skin sutured. Rats in the sham surgery group underwent exposure of the internal and external carotid artery branches only. Once conscious, rats that could not completely extend the left forepaw and rotated to the left were considered successful models.
Administration method
The 72 rats were randomly divided into five groups: sham surgery, model, wind-dispelling drug, deficiency-nourishing drug, and Houshiheisan groups. Rats in the sham surgery and model groups were gavaged with physiological saline (of the same volume as treatment groups; 1 mL/100 g). In accordance with body surface area, equivalent doses in the wind-dispelling drug, deficiency-nourishing drug, and Houshiheisan groups were respectively 7.7, 2.59, and 10.5 g/kg. Each treatment group was gavaged with medicines or saline for 3 days. On the 4 th day, 20 minutes after administration, operations were performed. Each treatment group was administered once every 12 hours after surgery. Brain tissues were obtained at 24 and 72 hours after ischemia for analysis.
Score of neurological function
In accordance with Zea Longa's method (Longa et al., 1989) , behavior was assessed at 24, 48, and 72 hours after surgery. Exclusion criteria: rats scored 0, could not walk, or suffered from coma. Score criteria: 0, no obvious symptom; 1, cannot completely extend the left forepaw; 2, rotate to the left; 3, fall to the left during walking; 4, only walk during stimulation.
Hematoxylin-eosin staining
Seventy-two hours after ischemia, three rats from each group were obtained, anesthetized, perfused with 500 mL of physiological saline. Brain tissue was immersed in 4% paraformaldehyde, dehydrated, embedded in paraffin, sliced into sections, and stained with hematoxylin and eosin. Pathological alterations were observed using a light microscope (Nikon, Tokyo, Japan). P < 0.01, vs. model group (one-way analysis of variance, least significant difference test). Twentyfour hours after ischemia, there were 13 rats in each group. At 48 hours after ischemia, one rat died in the model and wind-dispelling drug groups. At 48 hours after ischemia, one rat died in the deficiencynourishing drug and Houshiheisan groups. Overall, there were 12 rats in each group. The Zea Longa 5-point rating scale (0-4 scores) was used, with higher scores indicating more severe cerebral ischemic injury.
Ultrastructure observation using a transmission electron microscope Seventy-two hours after ischemia, one rat was obtained from each group, fixed in 2% paraformaldehyde and 2% glutaraldehyde, and then 3% glutaraldehyde for 2 hours. Samples were placed in 0.1 mol/L phosphate buffer at 4°C and ultrathin sections cut. Ultrastructural alterations in neurovascular units were observed using a transmission electron microscope (Hitachi, Tokyo, Japan).
Western blot assay
Phenylmethyl sulfonylfluoride (100 mmol/L) was added to protein extract reagent. Ischemic cortex was lysed in protein extract reagent (1:9), homogenized on ice, and then centrifuged at 10,000 r/min for 20 minutes. Supernatant was stored at -80°C. Protein concentrations were measured using the bicinchoninic acid assay. Protein samples were electrophoresed on sodium dodecyl sulfate polyacrylamide gel for 2 hours, and transferred onto membrane for 1 hour. Membranes were blocked with rotation in 5% skimmed milk powder for 1 hour, and then incubated in primary antibodies, including rabbit anti-rat amyloid precursor protein (1:20,000; 5524-1, Epitomics, Burlingame, CA, USA), rabbit anti-rat amyloid-β 42 (1:1,000; ab10148, Abcam, Cambridge, UK), and rabbit anti-rat GAPDH antibody (1:20,000; CW0101, Tiangen, Beijing, China) at 4°C for 20 hours. Samples were incubated in goat anti-rabbit secondary antibody (IgG, 1:20,000; ANR02-1, Beijing, China) for 1 hour at room temperature. Membranes were washed four times for 5 minutes each time, incubated in enhanced chemiluminescence for 5 minutes, exposed with Kodak film (Comwin, Beijing, China) in the dark room, visualized, and fixed. After air-drying, X-ray film was scanned using a YLN-2000 gel image analysis system (Yalien, Beijing, China). ImageJ software (National Institutes of Health, Santa Clara, CA, USA) was used to process images, and Image Quant TL software (Amersham Biosciences, Piscataway, NJ, USA) to read integrated absorbance values. Relative amounts of target proteins were calculated by determining the integrated absorbance ratio of target proteins/the internal reference GAPDH.
Detection of NeuN immunofluorescence
Two-step immunofluorescence staining was used. Sections were immersed in 0.01 mol/L citrate buffer solution, heated for retrieval for 20 minutes, and then kept at room temperature. After washing with PBS, each section was treated with 50 μL primary antibody mouse anti-NeuU monoclonal antibody (1:100; #MAB377, Millipore, MA, USA) at 4°C for 40 hours and then 37°C for 1 hour, before washing with PBS. Each section was incubated with 50 μL secondary antibody Alexa Flur488 goat anti-mouse IgG (1:200; Tiangen) at 37°C for 2 hours, and washed with PBS and distilled water. Sections were mounted using Dapi-Fluoromount-G at 4°C. A light microscope (Nikon) with filter and excitation lights was used to observe the stained sections. Five fields of ischemic (right) cortex in each group were selected. NIS-Elements Basic Research Image Collection Analysis system (Nikon) was used to analyze fluorescence intensity (integrated absorbance value) of NeuN expression and the number of NeuN-positive cells in each visual field.
Statistical analysis
Measurement data were expressed as mean ± SD, and analyzed using SPSS 11.5 software (SPSS, Chicago, IL, USA). Mean difference among multiple groups was compared using one-way analysis of variance. Paired comparison of intergroup data was performed using least significant difference test. A value of P < 0.05 was considered statistically significant.
Results
Quantitative analysis of experimental animals
Twenty-four hours after model induction, two rats died in each group, except the sham surgery group. After 48 hours, one rat died in the model and wind-dispelling drug groups. At 72 hours, one rat died in the deficiency-nourishing drug Data are expressed as mean ± SD, with five rats in each group (oneway analysis of variance, least significant difference test). a P < 0.05, vs. model group (at the same time point). Images were processed using Image J software. Integral absorbance of protein bands was obtained using Image Quant TL software. Relative content of target proteins was calculated from the integrated absorbance ratio of the target protein to GAPDH. ▲ ▲ ▲ ▲ ▲ and Houshiheisan groups. A total of 60 rats were included in the final analysis, with 12 rats in each group.
Houshiheisan effects on neurological deficits in rats after cerebral ischemia
In accordance with Longa's method (Longa et al.,1989) , behavior was examined. Rats with cerebral ischemia had apparent neurological deficits; specifically, the left forepaw did not completely extend, and the rats circled or fell to the left during walking. At 24 and 72 hours after ischemia, neurological deficit scores were lower in the Houshiheisan group than in the model group (P < 0.05). At 48 hours after ischemia, Houshiheisan and wind-dispelling drugs significantly decreased neurological deficit scores (P < 0.01; Table 1 ).
Houshiheisan effects on pathological changes in rat brain tissue 72 hours after cerebral ischemia
In the sham surgery group at 72 hours, hematoxylin-eosin staining showed no abnormal neurons, blood vessels, or glial cells, and nerve fibers were distributed regularly in the medial caudate nucleus. However, in the model group 72 hours after cerebral ischemia, many necrotic tissues were identified in the right infarct foci. Neuronal pyknosis was present, the blood vessel interspace increased, and disordered and some disrupted nerve fibers were present in the medial caudate nucleus and frontal and parietal cortices of the ischemic border zone. In the Houshiheisan group, ischemic degenerated necrotic tissues were reduced. The number of nerve cells was visibly increased in the ischemic penumbra, and the blood vessel interspace slightly increased.
There was infiltration of a small number of inflammatory cells, but the blood vessel wall was intact. In the wind-dispelling drug group, some neuronal loss and obvious glial cell proliferation were detected, but with reduced angioedema. In the deficiency-nourishing drug group, neuronal loss was visibly reduced, as well as reduced angioedema and neuronal swelling in the ischemic border zone (Figure 1 ).
Houshiheisan effects on the ultrastructure of neurovascular units
In the sham surgery group at 72 hours, transmission electron microscopy revealed intact nerve cell membranes, and A B C D E uniform electron density of the cytoplasm and organelles. Mitochondrial structure was distinct, and endothelial cells intact with continuous basement membranes and apparent tight junctions. Astrocytes were normal. In the model group at 72 hours after ischemia, nerve cell edema, expanded organelles, and damaged mitochondrial cristae were visible in the frontal and parietal cortices. Astrocytes showed marginated chromatin, increased cytoplasmic electron density, slightly extended organelles, and obvious edema. Surrounding endothelial cells exhibited severe edema, open tight junctions, and increased permeability. In the Houshiheisan group, neuronal pyknosis or apoptosis was diminished. Edema was reduced, with continuous basement membranes, and obvious tight junctions surrounding endothelial cells. Swelling of astrocyte foot processes was reduced, showing a protective effect of Houshiheisan on neurovascular units. In the wind-dispelling drug group, nerve cells showed endoplasmic reticulum expansion and slight edema. Capillary endothelial cells and astrocytes had regular structures. Endothelial cell tight junctions were open. In the deficiency-nourishing drug group, neuronal nuclear membranes were intact. Astrocyte foot processes and capillaries were visibly swelled (Figure 2 ).
Houshiheisan effects on neurons in the rat cortical ischemic penumbra after cerebral ischemia Seventy-two hours after ischemia, immunofluorescence staining detected neuronal nuclear antigen (NeuN) expression. Compared with the sham surgery group, the numbers of NeuN-positive neurons and immunological competence were significantly lower in the model group (P < 0.01). Compared with the model group, the numbers of NeuN-positive neurons and immunological competence were significantly higher in the Houshiheisan, wind-dispelling drug, and deficiency-nourishing drug groups (P < 0.05, P < 0.01; Table 2, Figure 3 ).
Houshiheisan effects on abnormal amyloid precursor protein and amyloid-β 42 accumulation in rat cerebral cortex after cerebral ischemia Western blot assays showed that compared with the model group, amyloid-β 42 protein expression was significantly lower in the Houshiheisan group 24 hours after ischemia (P < 0.05). Amyloid precursor protein expression was also significantly lower in the Houshiheisan group 72 hours after ischemia (P < 0.05; Table 3, Figure 4 ). Wind-dispelling and deficiency-nourishing drugs alone did not influence abnormal amyloid precursor protein and amyloid-β 42 expression.
Discussion
The ischemic penumbra is a region between the infarct core and undamaged region (Sharp et al., 2000) . The blood supply of the frontal and parietal cortices is provided by the anterior and middle cerebral arteries (Chen et al., 2002) . In a model of cerebral ischemia, ischemia of the frontal and parietal cortices is mild, i.e., the ischemic penumbra is present (Chen et al., 2002) . Our ultrastructural observations revealed neuronal pyknosis and apoptosis, evident swelling of astrocyte foot processes, swelling of surrounding blood vessels, and nerve fiber demyelination in the ischemic penumbral cortex of rats, indicating that various neurovascular unit components are injured 72 hours after ischemia. The ischemic penumbra is a dynamically changing region, and after restoration of blood flow can become either normal or infarcted tissue (Heiss, 2011) . Neurons in the penumbral region cannot maintain normal physiological function, but do maintain the ability to synthesize proteins. We examined the degree of neuronal degeneration in the ischemic penumbral cortex by NeuN expression. Decreased NeuN expression in the ischemic penumbral cortex indicates degenerating neurons. Minimizing neuronal degeneration in the ischemic penumbral region may protect neurovascular units. Injury to neurovascular units is strongly associated with abnormal amyloid-β deposition. Amyloid-β is an amyloid precursor protein fragment, obtained after shearing. Under normal conditions, amyloid precursor protein is hydrolyzed through the non-amyloid production pathway (Nalivaeva et al., 2013) . After brain injury, axonal transport of amyloid precursor protein is interrupted, and amyloid precursor protein abnormally aggregates. Amyloid precursor protein is then hydrolyzed through the amyloid production pathway, resulting in amyloid-β accumulation (Nalivaeva et al., 2013) . Amyloid-β exists in amyloid-β 42 and amyloid-β 40 forms, and exhibits neuronal toxicity. Compared with amyloid-β 40, the two additional amino acids of amyloid-β 42 not only increase amyloid-β hydrophobicity but also allow easier amyloid-β aggregation. Our results show abnormal amyloid-β 42 deposition in the ischemic cortex 24 hours after ischemia, consistent with a previous study (Qi et al., 2006) . Amyloid-β 42 directly activates the complement system, producing neurotoxic effects through the classical complement pathway by forming a membrane attack complex that destroys synaptic structures, induces free radical production and oxidative stress by lipid peroxidation, and finally results in neuronal degeneration (Kienlen et al., 2000; Walter, 2006) . Amyloid-β 42 acts on vascular endothelial cells causing vasoconstriction and decreased cerebral blood flow, and activates the cerebral ischemic cascade. Accumulated amyloid-β in turn acts on amyloid-β in amyloid precursor protein, accelerating amyloid precursor protein aggregation (Walsh et al., 2005) . Cerebral ischemia leads to axonal injury, axonal transport dysfunction, and abnormal amyloid precursor protein accumulation (Guan et al. 2011; Xing et al., 2012) . Neuronal degeneration and synaptic loss can be induced by inhibiting establishment of collateral circulation, reducing blood flow in the penumbral region, and increasing the infarct area (Malito et al., 2008) . In this study, amyloid precursor protein expression was noticeably up-regulated 72 hours after cerebral ischemia. Thus, suppressing abnormal amyloid precursor protein and amyloid-β 42 accumulation is of significance to protecting neurovascular units.
Whether Houshiheisan suppressed abnormal amyloid precursor protein expression or reduced abnormal amyloid-β deposition is a focus of this study. Our western blot assay results demonstrated Houshiheisan down-regulates amyloid-β 42 protein expression in rat cortex at 24 hours, and reduces amyloid precursor protein expression at 72 hours. Previous studies have shown that cerebral ischemic injury can induce biochemical and metabolic disorders, and Houshiheisan improves energy metabolism, prevents oxidation, reduces inflammatory cascades, inhibits neural cell apoptosis, and promotes recovery of neurological function (Zhao et al., 2006; Zhang et al., 2008) . Therefore, this study assumed that Houshiheisan inhibits amyloid-β 42 neurotoxicity by preventing oxidation, scavenging oxygen free radicals, and reducing inflammatory cascades. Alternatively, Houshiheisan may reduce amyloid-β 42 production by suppressing abnormal amyloid precursor protein accumulation and controlling the hydrolytic pathway of amyloid precursor protein.
Compatibility of the Houshiheisan prescription is a serious consideration. To deeply understand the subtleties of Zhongjing Zhang's method for stroke, we examined his prescription to determine the effect of specific medicinal components. In accordance with classification of traditional Chinese medicine in Medicine Origin, chrysanthemum flower, divaricate saposhnikovia root, Manchurian wild ginger, cassia twig, Szechwan lovage rhizome, and platycodon root are wind-dispelling drugs. Ginseng, Chinese angelica, large-head atractylodes rhizome, Indian bread, and zingiber are deficiency-nourishing drugs. There is no dispute about using deficiency-nourishing drugs for stroke treatment in China, but the application of wind-dispelling drugs for stroke has gradually decreased from the Tang and Song Dynasties. However, long-period medical practice has verified that reasonable selection of wind-dispelling drugs is a key method to elevate therapeutic effects of stroke treatment in the clinic . Pharmacological studies suggest that divaricate saposhnikovia root, Manchurian wild ginger, cassia twig, and Szechwan lovage rhizome can expand coronary arteries, decrease blood pressure and blood lipids, improve microcirculation, prevent thrombosis (Yang, 2012) , and also increase the body's tolerance to ischemia and hypoxia (Gong, 2000) . A recent study demonstrated that ligustrazine of Szechwan lovage rhizome suppresses the waterfall effect of inflammatory cell infiltration after cerebral ischemia (Lei et al., 2000) .
Our previous study found that the wind-dispelling drugs of Houshiheisan inhibit caspase-3 activation, while the deficiency-nourishing drugs up-regulate DNA repair protein poly (ADP-ribose) polymerase expression. Houshiheisan also minimized oxidative DNA injury after cerebral ischemia via different pathways (Zhang et al., 2013) . In this study, wind-dispelling or deficiency-nourishing drugs alone did not alter abnormal amyloid precursor protein or amyloid-β 42 expression, but combined application of wind-dispelling and deficiency-nourishing drugs suppressed abnormal amyloid precursor protein and amyloid-β 42 expression. Our results show that wind-dispelling and deficiency-nourishing drugs complement each other, inhibiting abnormal amyloid precursor protein accumulation, diminishing amyloid substance deposition, and maintaining stabilization of the internal environment of neurovascular units by intervening with amyloid-β-induced toxicity.
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